A new moderately thermophilic clostridium, Clostridium thermobutyricum, was isolated from cellulolytic enrichment cultures inoculated with horse manure. This organism forms subterminal spores, and the sporangium is not swollen. From glucose, the organism produces butyrate, CO,, and H, and minor amounts of acetate and lactate. Yeast extract is required for good growth. The temperature range for growth is between 26 and 61.5OC. The pH range is between 5.8 and 9.0. The guanine-plus-cytosine content is 37 mol%. The type strain is C. thermobutyricum JW171K (= DSM 4928).
During the enrichment and isolation of cellulolytic thermophilic anaerobes, butyrate frequently is encountered as a fermentation product. For more than two decades, it was thought that butyrate was an end product of the cellulose degrader Clostridium thermocellum (4, 7, 12) . However, when pure cultures were finally obtained, it was found that the butyrate was formed by contaminating organisms. Thus, pure cultures of the known cellulolytic thermophilic clostridia, C. thermocellum and Clostridium stercorarium, do not produce butyrate. In 1949, Enobo (5) described another thermophilic cellulose degrader, which he named "Clostridium thermocelulaseum . " From his cellulolytic enrichment culture he also isolated a butyrate-forming glycolytic organism (5) . Unfortunately, neither of his cultures is extant. The pH optimum of the cellulolytic strain of Enebo was above pH 8.0. We tried to isolate such an organism by using various soil and compost samples as inocula. Only the sample from horse manure produced an enrichment culture which degraded cellulose quickly and formed butyrate as the major product. After several dilution steps, the enrichment culture contained two organisms. One was a cellulolytic clostridium which produced the drumstick type of sporangium typical of C. thermocellum. The second clostridium formed central to subterminal spores with little or no swelling of the cells. We present here a formal description of this organism, a new Clostridium species that produces butyric acid as the major fermentation product under moderately thermophilic growth conditions.
MATERIALS AND METHODS
Isolation and culture conditions. Samples (2 to 10 g, wet weight) of horse manure from a manure pile at the University of Georgia horse stable and from private horse stables were inoculated into 50-ml portions of reduced medium in 150-ml serum bottles (Wheaton 400 brand borosilicate glass; Fisher Scientific Co., Pittsburgh, Pa.). These enrichment cultures were incubated at 59 to 60°C. The medium contained (per liter of distilled water) 0.9 g of KH,PO,, 3.6 g of Na,PO, . 7H20, 0.5 g of NH,Cl, 0.5 g of (NH,),SO,, 0. of MgCl, 6H,O, 0.05 g of CaCl,, 5 ml of a trace element solution (7), 0.5 ml of a vitamin solution (modified Wolfe solution [7] ) 0.2 g of Na,S 9H20, 0.2 g of cysteic acid, 3 g of yeast extract, and either 10 g of filter paper (Kimwipes; Kimberly Clarke C o p , Roswell, Ga.) (during early enrichment) or 5 g of glucose (during purification). The medium was prepared by using the Hungate technique as described previously (11) with an argon atmosphere. After the medium was autoclaved, the pH was adjusted with anaerobic sterile NaOH or HC1 to pH 8.4 to 8.6 for enrichment with cellulose. For pure cultures, the pH was adjusted to pH 8.0. The pH was adjusted periodically during growth. Several serial dilutions were used for enrichment cultures containing glucose as the carbon and energy source. The final isolation of the pure culture was done by repeated isolations of single colonies, using the agar shake roll tube method (11) in medium supplemented with 2.2% (wthol) agar (Difco Laboratories, Detroit, Mich.). Growth was followed by measuring the increase in optical density at 600 nm with an Ultrospec 4050 spectrophotometer (Pharmacia LKB Biotechnology Inc., Piscataway, N.J.) or a Spectronic 21 colorimeter (Bausch & Lomb, Inc., Rochester, N.Y.).
Electron microscopy. Cells were negatively stained with uranyl acetate by using the method of Valentine et al. (15) and Beuscher et al. (1) . Ultrathin sectioning was done as described by Kellenberger et al. (9) . After dehydration, the fixed cells were embedded in the low-viscosity medium of Spun- (14) . Sections were collected on carbon-coated Formvar-copper grids and poststained with uranyl acetate (6) and lead citrate (16) . Electron micrographs were taken with a Philips model EM 301 electron microscope.
Fermentation products. Volatile and nonvolatile fatty acids, alcohols, H,, CO,, and glucose were analyzed by using gas chromatography or high-performance liquid chromatography or both, as described previously (2) .
Growth studies. Substrate utilization was analyzed at 57°C by using the medium described above supplemented with 0.3% yeast extract and substituting different substrates for glucose. Optical densities were followed, and pH changes were monitored. Growth in mineral medium (see above) containing 0.3% yeast extract was used as a control, and the data were corrected by subtracting the value for this background growth. The control cultures (four duplicates) grew to optical densities at 600 nm between 0.18 and 0.2, causing pH changes of 0.5 to 0.6. Substrate utilization was assumed when pH changes of more than 0.7 or increases in optical density of more than 0.25 were recorded. Assays were performed with duplicate cultures, which were subcultured to obtain the results reported below. Cultures showing marginal growth were repeated. Incubation was for 10 days, except for hemicellulose, pectin, and polygalacturonic acid cultures, which were incubated for 1 month.
The pH range and optimal pH for growth were determined in semicontinous cultures by using a 700-ml fermentor with a pH control (custom made) and minimal medium supplemented with 0.3% (wt/vol) yeast extract and 0.5% (wtlvol) glucose. At each pH, the culture was allowed to adapt for at least five generations before the growth rate was determined at an optical density range between 0.05 and 0.4. The values reported below are means of least two determinations; one set of data was obtained by adjusting the new pH from cultures grown previously at a lower pH value, and another set was obtained from cultures grown previously at a higher pH value. Susceptibility to antibiotics was determined by inoculating portions (5%, vol/vol) of a growing culture in the logarithmic growth phase into fresh media containing 5 and 100 pg of filter-sterilized antibiotics per ml. Water-insoluble cornpounds were dissolved in 50% ethanol or 50% ethyl acetate in water. The solvents (used and tested at concentrations up to 0.2%, wtlvol) had no inhibitory effect on the organism. Cultures which exhibited total growth inhibition after 6 days of incubation at 57°C were diluted 10-fold into fresh medium. Subsequent growth was taken as an indication of a bacteriostatic effects by the antibiotic.
Deoxyribonucleic acid isolation and determination of G + C content. Deoxyribonucleic acid was isolated by using the method of Whitman et al. (17) . The guanine-plus-cytosine (G + C) content was determined after enzymatic digestion and chromatographic separation of the nucleoside bases as described by Whitman et al. (17) .
RESULTS AND DISCUSSION
The following properties indicate that the new isolate is a member of the genus Clostridium: rods forming endospores, strictly anaerobic growth, absence of dissimilatory sulfate reduction, and positive Gram type (18, 19) (including testing of polymyxin B-lipopolysaccharide interaction) of cell walls. The positive Gram type differentiates the organism from the gram type-negative sporeforming genus Sporomusa (13). Based on several properties, including morphology, formation of butyrate as the main fermentation product while growing in the thermophilic temperature range, and G+C content, we conclude that the new strains are unlike previously described species, and thus we propose the new species described below.
Clostridium thermobutyricum sp. nov. Clostridium thermobutyricum (ther. mo. bu. ty'ri. cum. Gr. adj. thermos, hot; Gr. n. boutyron, butter; N. L. neut. adj. thermobutyricum, referring to the production of butyrate under thermophilic conditions). Vegetative cells from liquid cultures containing 0.3% (wthol) yeast extract and 0.5% (wthol) glucose are straight to slightly curved rods which are 0.9 to 1.1 pm in diameter and 2.0 to 4.5 pm long. Cells appear mainly as single cells, but pairs and longer chains with up to 15 cells are frequently observed (Fig. 1A) . In the late logarithmic and stationary growth phases many larger cells (1.6 to 2.1 pm in diameter and up to 8 pm long) are observed. These large cells are formed regardless of whether the cells sporulate ( Fig. 1B) . Usually sporulated cells are like the large station- ary cells (Fig. 1C) . When sporulation occurs in mid-logarithmic phase, the spore-containing cells are only slightly larger than the other cells.
Sporulation. Sporulation apparently is initiated at pH values below 6.2. The spores are central to subterminal. More pronounced swelling is observed during early enrichment when the spores are found more in the central parts of the cells. After 3 years of subculturing on medium containing glucose plus yeast extract, the predominant spore position is subterminal, with little or no distension of the cells. In micrographs of ultrathin sections of sporulated cells, the spores usually are surrounded by inclusion bodies, which are assumed to be P-hydroxybutyrate granules ( Fig. 2A) . These granules also are seen in stationary-phase cells that do not sporulate.
Flagella. Although the cells are peritrichous (Fig. 2B) , they do not exhibit pronounced motility. However, a tumbling motion beyond Brownian movement is observed during the INT. J. SYST. BACTERIOL. early logarithmic gorowth phase. Cells have 5 to 12 flagella of the 25.0-nm (250-A) type with a wavelength of 2 to 3 p,m (Fig. 2) . Pili or fimbriae are not observed.
A regular pattern of an outer protein layer is not observed on whole cells, cell envelope fragments, or ultrathin sections. However, in micrographs of ultrathin sections (Fig. 3 ) proteinlike structures are seen on fragments of the cell envelope and fractions of an additional layer.
Gram stain reaction and Gram type. The Gram stain reaction usually is negative. Cells staining gram positive occasionally are found during the very early logarithmic growth phase, between 1 and 2 h after inoculation. Micrographs of ultrathin sections show a slightly atypical grampositive type of cell wall. The polymyxin B-lipopolysaccharide test (19) gives no indication of the presence of lipopolysaccharides. Such behavior also is known for some other clostridia (19) . Thus, C. thermobutyricum is classified as Gram type positive as defined by Wiegel(l8) and Wiegel and Quandt (19) . The organism has an m-Dpm-direct cell wall type (A17 peptidoglycan type) (N. Weiss, personal communication).
Morphology. Colonies in agar shake roll tubes are white to creamish and irregularly circular with lobate margins. Colonies on agar surfaces are irregularly circular with matte surfaces. Colonies that are 3 weeks old turn brown, but do not produce water-soluble pigment.
Growth requirements. Anaerobic. No growth is observed when rezasurin in the medium is slightly pink. The exposure of vegetative cells to air for more than 10 min during transfer frequently causes prolonged lag phases or even no growth. Yeast extract is required for growth and cannot be replaced The pH range for growth is pH 5.8 to 9.0, with an optimum between pH 6.8 and 7.1. (Fig. 4) . The doubling time at the optimal pH and temperature is 45 to 50 min. At pH 8.5, a value encountered in fresh horse manure piles, the doubling time is about 90 min, which is faster than the doubling times of the thermophilic cellulose degraders. The marginal temperature data are as follows: maximum temperature, 61.5"C; optimal temperature, around 55°C; and minimum temperature, 26°C.
Substrates. The organism grows with 0.3% (wthol) yeast extract alone but not with peptone, tryptone, or casein alone. Moreover, in the presence of 0.3% yeast extract, these additives do not stimulate growth. In the presence of 0.3% yeast extract, the following substrates lead to an increase in growth (increase in optical density at 600 nm of 0.4 to 0.8 u above background growth on medium containing yeast extract; see above) and acidification of the medium (decrease in pH of 0.8 to 1.6 u): monomeric sugars (Dglucose, D-fructose, maltose, D-xylose and D-ribose but not D-arabinose, D-galactose, and D-mannose); dimeric, oligomeric, or polymeric sugars (cellobiose, but not sucrose, D-raffinose, starch, or beech or birch hemicellulose); sugar derivatives (D-glUCUrOniC acid and D-galacturonic acid, but not xylitol, pectin, or polygalacturonic acid); and organic acids (pyruvate, but not succinate, fumarate with or without formate, and malate). Growth is not stimulated by H, plus CO,, H, plus So with or without CO,, 0.3% (wthol) methanol, gelatin, or ethanol. The addition of 25 mM threonine, 25 mM valine, 25 mM phenylalanine, 25 mM leucine, or 25 mM isoleucine does not support, stimulate, or inhibit growth on medium containing 0.3% yeast extract and 0.25% (wt/vol) glucose.
The doubling times are between 45 and 55 min during growth on all carbohydrates except cellobiose, which yields a doubling time of 70 min. With pyruvate the doubling time is 35 to 40 min at pH 7.0 and 55°C. The addition of up to 250 kPa of H, to the head gas does not inhibit growth with sugars. As with C. thermocellum (7) , a shift to more oxidized products and an increase in acetate production occur when H, is continuously removed by flushing the headspace with argon.
Meat is not digested. Catalase is not produced. When the Since the redox state of the compound used from the complex medium is not known, the ratio does not need to be 1.00. is used for characterization, positive results are obtained at 30 and 45°C for L-glucosidase and arginine aminopeptidase. At both temperatures, the phosphatase reaction and gelatin hydrolysis give weak positive reactions. All of the following reactions are negative: ammonia production from arginine; casein hydrolysis; nitrate reduction; denitrification; indole production; N-acetylglucosaminidase; L-arabinosidase; betaglucosidase; L-fucosidase; L-galactosidase; beta-galactosidase; pyroglutamic acid arylamidase; indoxyl acetate reaction; leucine, proline, tyrosine, alanine, histidine, phenylalanine, and glycine aminopeptidases; and formate-plusfumarate utilization. Volatile fatty acids are not formed from valine, leucine, isoleucine, and phenylalanine (0.1 to 0.3%, wt/vol; tested separately). However, 10 pmol of propionate per ml of culture is formed from 0.3% (wt/vol) threonine. Fermentation balance. The fermentation during growth on glucose in the presence of yeast extract can be represented by the following equation: glucose -+ 0.85 butyrate + 1.8 CO, + 1.9 H, + 0.2 lactate + 0.1 acetate. Variations occur, especially with respect to the amount of acetate formed. When no acetate is produced, the molar yield of butyrate increases to 0.9 mol of butyrate per mol of glucose. In some experiments, up to 0.2 mol of acetate per mol of glucose is produced, and the butyrate yield deceases to 0.7 mol of butyrate per rnol of glucose. Yeast extract has some influence on the fermentation balance (Table 1 ). In the absence of glucose but in the presence of 0.3% (wt/vol) yeast extract, 1.7 pmol of butyrate, 5.6 pmol of H,, and 5.0 pmol of CO, are formed per ml of culture, along with traces of cx-hy-droxybutyrate, valerate, and propionate. These trace products also are found when cells are grown with carbohydrates or pyruvate. In the presence of 2% yeast extract, traces of pyruvate also are frequently observed.
Growth on pyruvate in the presence of 0.3% yeast extract can be represented by the following equation (Table 1) Susceptibility to antibiotics. C. thermobutyricum is not susceptible to cycloheximide, amphotericin B, actinomycin D, and novobiocin at concentrations of 100 pg/ml of culture, but is susceptible to a variety of other antibiotics at concentrations of 5 pg/ml of culture (Table 2) .
Maintenance. Viable stock cultures are prepared by mixing 1 volume of a logarithmically grown culture with 1 volume of anaerobic glycerol and storing the mixture in 5-ml serum vials closed with black butyl rubber stoppers at -18 or -75°C. After more than 2 years of storage, the inoculation of 0.2 ml of stock culture into 10 ml of fresh medium yields a turbid, actively growing culture in less than 8 h. Sporulated cultures can be kept at 4°C. They can be easily reactivated after 25 months by subjecting them to heat shock for 1 min at 100°C.
Habitat. Type strain JW171K (= DSM 4928) was isolated from horse manure compost containing straw and wood shavings. Similar strains, (strains JW172 and JW173) were isolated at 55°C and pH 8.4 from other horse manure piles near Athens, Ga. However, these strains have not been characterized in detail. They grow at 60°C but not at 65°C and produce butyrate as the major fermentation product from glucose. No other morphologically similar strains have been detected in enrichment cultures, under the same con- ditions, from various soil samples from near Athens, Ga., and from salt marshes near Sapolo Island, Ga. Type strain. Type strain JW171K has been deposited with the Deutsche Sammlung von Mikroorganismen as strain under DSM 4928. Its description is identical to the description given above for the species, and its G + C content is 37.0 2 0.1 mol% (as determined by a chemical method [17] ).
Key differential tests. C . thermobutyricum is a thermophile and is differentiated from mesophilic clostridia by growth at temperatures above 55°C. Although several of the thermophilic species have G+C contents in the range of the G+C content of this species (37 mol%), none of them produces butyric acid (C. thermocellum, 38 to 40 mol%; Clostridium thermohydrosulfuricum, 35 to 37 mol%; Clostridium thermosulfurigenes, 33 mol%; Clostridium stercorarium, 39 mol%). Among the validly published thermophilic clostridia, Clostridium thermosaccharolyticum (G+C content, 29 to 32 mol%) is the only species that produces butyrate as a major product. However, this organism can shift totally to ethanol formation, as reported by Landhuyt et al. (lo) , and also produces butanol (D. Freier, G. Gottschalk, and J. Wiegel unpublished data), properties which we have not observed for C. thermobutyricum. Thus, ethanol formation can be used as a differential test. Furthermore, the spore morphology differs markedly. C. thermosaccharolyticum forms a drumstick type of sporangium with distinct elongated thin cells, and the vegatative cells have a rectangular protein surface pattern, whereas C. thermobutyricum exhibits no regular surface pattern and forms subterminal spores that cause only a slight swelling. C . thermosaccharolytricum also differs with respect to pectin fermentation.
The combination of formation of butyrate as the major fermentation product from glucose and a G+C content of 37 mol% further distinguish C. thermobutyricum from other mesophilic species. Among clostridia, the formation of butyrate is widespread. Of more than 90 previously described species of Clostridium, nearly one-half produce butyrate as a major fermentation product in peptone-yeast extract-glucose medium, but only 20 form butyrate as the main product. However, in addition to butyrate, most species also produce significant amounts of other products, such as acetate, propionate, isobutyrate, isovalerate, isocaproate, lactate, ethanol, and butanol. C. thermobutyricum does not form ethanol, propanol, or butanol. Among the mesophilic and thermotolerant clostridia, there are only a few species that have G + C contents of 37 mol%, the value for C. thermobutyricum. However, these species either do not produce butyrate as a major product or differ markedly in their morphology. Clostridium aceticum and Clostridium formicoaceticum have G+C contents of 33 and 34 mol%, respectively, are mesophiles, have different morphologies, and produce no butyrate since they are homoacetogens. Clostridium aminovalerium has a G+C content of 33 mol%, is a mesophile, and has a different morphology, and its main product is acetic acid. Clostridium innocuum has a G+C content of 43 mol%, is a mesophile, has a different morphology, and does not convert threonine. Clostridium nexile has a G + C content of 40 mol%, is a mesophile, and does not form butyrate. Clostridium polysaccharolyticum has a G+ C content of 42 mol%, is a mesophile, utilizes cellulose, xylan, and starch, and forms formate as its main product. Furthermore, we found no indication that our strain is a thermophilic variant of any of the other mesophilic butyrateforming clostridia (3) . Therefore, we conclude that we are justified in placing our strains in the new species C. thermobutyricum.
